Our model for decidual gene regulation is the decidual prolactin promoter active 1 0 8 in human decidual cells (Berwaer et al., 1994; Gellersen et al., 1994; Gerlo et al., 1 0 9 2006). Three findings from our previous work guide our experimental approach: 1 1 0 1) the amino acid substitutions in HOXA11 protein are all located amino (N)-1 1 1 terminal to the homeodomain (Lynch et al., 2008) ; 2) The physical interaction 1 1 2 between HOXA11 and FOXO1 arose before the functional cooperativity (Brayer 1 1 3 et al., 2011) ; 3) The derived cooperativity is due to evolutionary changes in 1 1 4 HOXA11 (Brayer et al., 2011; Lynch et al., 2008) . There is no structural 1 1 5 information about the N-terminal region of HOXA11 that could guide our 1 1 6 experimental analysis. We first conducted a computational structural biology 1 1 7 analysis to determine sequence segments, which could embed functional motifs. To test whether the derived PIM is responsible for the intra-molecular interaction 2 4 6 with the NP, we introduced two back mutations in the eutherian HOXA11 protein 2 4 7 to their state in the ancestral therian protein (PIM103mu; i.e. AA's 103-107 2 4 8 PGDVL to GDML, P103 deletion and V106M substitution), and performed 2 4 9 reporter gene assays as previously described. As expected, the PIM103mu 2 5 0 mutant trans-activated luciferase expression from the dPRL reporter vector 2 5 1 independent of FOXO1, similar to the ΔNP construct ( Figure 4D ). We then 2 5 2 introduced the derived P103 and M106V substitutions into the AncThHOXA11 2 5 3 construct (PIM103dr) to determine if these changes were sufficient to induce 2 5 4 cooperativity with FOXO1 ( Figure 4E ). Although we observed a slight increase in 2 5 5 transactivation activity, the change was not significant and could not explain the 2 5 6 cooperative up-regulation seen with the eutherian HOXA11 protein. These 2 5 7 results suggest that the derived PIM103 site is necessary but not sufficient for the 2 5 8 cooperative interaction with FOXO1. The data presented above suggest a phenomenological model of how 2 6 2 cooperative target gene activation is achieved through the interaction between 2 6 3 eutherian HOXA11 and FOXO1 proteins. To identify the mechanistic 2 6 4 underpinnings we first identified potential co-factors that mediate target gene 2 6 5 activation. The histone acetyltransferase CREB-binding protein, CBP, is an 2 6 6 activating cofactor for many HOX proteins (Bei et al., 2007; Chariot et al., 1999;  . Table 2 ). Of these three are located in the IDR with only one following the 2 7 5 sequence pattern perfectly. The "perfect KBD" (residues142-146), is predicted to 2 7 6 have a strong helical propensity by PSIPRED, JUFO and by ANCHOR To determine the functional role of CBP in the cooperative transactivation of The above results suggest that CBP contributes to target gene activation. We 2 8 9 hypothesized that KBD142-146 mediates binding of CBP. In order to test this 2 9 0 model we investigated the interactions between 80-152 (ΔNP-IDR) and the KIX Figure S2A ). The overall binding affinity of KIX was quite low 3 0 4 (~0.5±0.02mM) indicating a weak interaction common for disordered proteins 3 0 5 interacting with transcription activators (Wang et al., 2012) . Analysis of the two 3 0 6 KIX binding pockets revealed that in fact the binding affinity is two times higher at 3 0 7 the MLL site (K d ~0.33±0.02mM) than at the cMyb site ( Figure S2B ). changes were assigned to those corresponding to residues 142-146, i.e. the 3 1 8 putative "perfect" KBD, and a few residues flanking the motif. To further test whether the KBD142-146 is necessary for the interaction with the 3 2 1 KIX domain we mutated the hydrophobic residues at 142-146 (ΔNP-IDR 142-3 2 2 146) (FDQFF to ADQAA). These mutations resulted in complete loss of binding 3 2 3 with no significant chemical shift changes observed indicating the importance of 3 2 4 these residues for the binding of the KIX domain and the recruitment of CBP 3 2 5 ( Figure S3C ). We conclude that the HOXA11-FOXO1A complex drives target 3 2 6 gene expression, at least in part, through the recruitment of CBP to KBD142-146. 3 2 7 3 2 8 HOXA11 evolved DNA-pk kinase phosphorylation sites necessary for 3 2 9 transactivation 3 3 0
Mass-spectroscopy results suggest that HOXA11 is differentially phosphorylated 3 3 1 upon hormone stimulation; therefore, phosphorylation might play a role in 3 3 2 HOXA11 activation function ( Figure S4 and Suppl. Table 3 ). We investigated 3 3 3 which kinases are responsible for regulating HOXA11 functional activity. Two of 3 3 4 the identified sites S98 and T119, were derived phosphorylation sites in 3 3 5 eutherian mammals. Computational analysis identified 6 kinases predicted to 3 3 6 phosphorylate S98 or T119 ( Figure 6A and Suppl. Table 4 ). We then used 3 3 7 transcriptome data to identify which of these kinases were expressed in hESCs.
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We found that the kinases ERK1/2, GSK-3, DNA-pk, and CDK 2/5 were 3 3 9 predicted to phosphorylate S98 or T119 and were highly expressed in hESC. To 3 4 0 test if phosphorylation by these kinases played a role in potentiating 3 4 1 transactivation by HOXA11 we performed luciferase reporter assays with 3 4 2 eutherian HOXA11 and FOXO1, but blocked kinase activity with either ERK1 3 4 3
Inhibitor II, GS-3 Inhibitor XIII, DNA-pk inhibitor III, or CDK 2/5 kinase inhibitors.
4 4
We found that blocking either GSK-3 or DNA-pk inhibited transactivation from the 3 4 5 dPRL reporter vector ( Figure 6B ).
4 6 4 7
To infer if phosphorylation at these sites mediates transactivation, we "simulated" 3 4 8 phosphorylation at S98 and T119 by substitutions with aspartic acid (Pearlman et 3 4 9 al., 2011; Thorsness and Koshland, 1987) . We tested whether S98D and T119D 3 5 0 single and double mutants could rescue loss of function due to kinase inhibition 3 5 1 described above. We found that substitutions of either S98D or T119D resulted in 3 5 2 a significant recovery of transactivation in the DNA-pk kinase inhibition assay.
5 3
Only the double substitution, however, could completely recover transactivation 3 5 4 activity ( Figure 6C ). In contrast neither phospho-mimicking substitutions rescued 3 5 5 inhibition of the kinase GSK-3 ( Figure 6D ). These results suggest that the 3 5 6 phosphorylation of amino acids S98 and T119 are mediated by the kinase DNA- To test whether the phosphorylation at S98 and T119 affects HOXA11-KIX 3 6 0 interaction we performed NMR titration using S98D and T119D substitutions in The NP interferes with recruitment of CBP to HoxA11 3 6 9
We hypothesized that the NP is interfering with the binding of CBP to the 3 7 0 KBD142-146. In order to test this model we compared the combined chemical 3 7 1 shift NMR spectra between 1) the KIX domain with Figure S6C ). Never the less, we found that these two constructs have The previous experiments suggest that two evolutionary changes are responsible 4 0 5 for the cooperative interaction between HOXA11 and FOXO1: 1) mutations that 4 0 6 lead to the derived PIM at AA's 103-107 and 2) the derived proline residues 4 0 7 associated with residues S98 and T119. We introduced these mutations into the 4 0 8
AncTh HOXA11 protein and tested their effects in luciferase reporter assays to 4 0 9 determine if these mutations are causal for the derived HOXA11-FOXO1 4 1 0 cooperativity. Introducing the derived PIM103 and the proline residues at P97 4 1 1 1 0 and P120 were sufficient for giving the ancestral HOXA11 protein activation 4 1 2 function ( Figure 7A ). Interestingly the forward mutated AncTh HOXA11 protein is 4 1 3 a FOXO1 independent activator. Only after introducing phosphorylation 4 1 4 mimicking residues at S98 and T119 we observed FOXO1 dependent activation 4 1 5 ( Figure 7B ). We conclude that the evolution of the derived protein interaction 4 1 6 motif PIM103-107 together with DNA-pk dependent phosphorylation at S98 and 4 1 7 T119 is sufficient to cause FOXO1 dependent target gene activation by HOXA11 4 1 8 at the decidual PRL promoter. We note that we do not have a full understanding 4 1 9 which amino acid substitutions are necessary to cause the DNA-pk dependent 4 2 0 phosphorylation at S98 and T119. Figure 7C ). This work provides evidence for resulted in a FOXO1 independent trans-activator of gene expression ( Figure 4D ).
8 0
M2H studies suggest that the derived PIM functions as an interaction site for the 4 8 1 repressive region, NP, in the eutherian HOXA11 ( Figure 4B ). This model is also Figure 7A & B) . However, only when both proline 4 8 8 substitutions were introduced with the derived PIM site were we able to obtain 4 8 9 transactivation at similar levels to the eutherian HOXA11 ( Figure 7B ). interaction, suggesting that the NP is affecting KIX binding. ΔNP-IDRL binds KIX 4 9 5 at the KIX binding motif FDQFF at amino acids 142-146. Finally the tryptophan 4 9 6 residue (W) at amino acid position 73 in the NP, as well as mutations at the 4 9 7 PIM103-107, leads to a chemical shift pattern very similar to that of ΔNP-IDRL. binding interface and also competes with R for the same transient interaction.
1 8
Such competitive interplay between the disordered regions fine-tunes DNA 5 1 9 binding affinity. The allosteric regulation is enabled by the disordered state, which 5 2 0 is also maintained in the complex (Fuxreiter et al., 2011) . Another recent 5 2 1 example is the striking cooperativity switch found with the E1A-CBP-pRb The evolution of TF proteins has been considered unlikely (Carroll, 2005;  5 2 7 Prud'homme et al., 2007; Wray, 2007) . The rationale was that amino acid Weblogo representation of HOXA11 IDR secondary structure prediction. The 5 7 5 secondary structure for HOXA11 residues 1-175 was predicted using jufo. The 
